ABSTRACT: A series of diketopyrrolopyrrole (DPP)-based small band gap polymers has been designed and synthesized by Suzuki or Stille polymerization for use in polymer solar cells. The new polymers contain extended aromatic π-conjugated segments alternating with the DPP units and are designed to increase the free energy for charge generation to overcome current limitations in photocurrent generation of DPP-based polymers. In optimized solar cells with [6, 6] phenyl-C 71 -butyric acid methyl ester ([70]PCBM) as acceptor, the new DPPpolymers provide significantly enhanced external and internal quantum efficiencies for conversion of photons into collected electrons. This provides short-circuit current densities in excess of 16 mA cm −2 , higher than obtained so far, with power conversion efficiencies of 5.8% in simulated solar light. We analyze external and internal photon to collected electron quantum efficiencies for the new polymers as a function of the photon energy loss, defined as the offset between optical band gap and open circuit voltage, and compare the results to those of some of the best DPP-based polymers solar cells reported in the literature. We find that for the best solar cells there is an empirical relation between quantum efficiency and photon energy loss that presently limits the power conversion efficiency in these devices.
INTRODUCTION
Polymers solar cells based on conjugated polymers as electrondonor material and fullerene (C 60 or C 70 ) derivatives as acceptor form an attractive approach for future renewable energy production because they combine high power conversion efficiencies (PCEs) up to 8% with flexibility and low cost.
1,2 A myriad of semiconducting conjugated polymers has been designed in recent years to achieve high photocurrents, open circuit voltage, and performance.
3−17 Among these materials numerous small band gap polymers that feature a broad absorption, extending into the near-infrared (near-IR) region, have been synthesized by alternating electron-rich and electron-deficient units along the polymer chain. To further enhance the power conversion efficiencies of polymer solar cells, new materials are required. This especially holds for polymer tandem solar cells, where photoactive layers with wide and small optical band gaps are combined to enhance absorption of light and minimize the loss of photon energies. Polymer tandem cells already provide PCEs higher than those of the corresponding single junctions 18, 19 but are still significantly below the anticipated maximum-reachable performance. 20 Besides improvement of the recombination layers and interface with electrodes, new small band gap materials are needed to reduce energy losses and increase photocurrent density.
In designing new polymers for organic solar cells many parameters must be considered, such as optical band gap, absorption coefficient, oxidation and reduction potentials, charge carrier mobility, molecular weight, morphology, crystallinity, solubility, and ease and reproducibility of synthesis. Detailed design rules that comprise all of these are presently unknown. However, it is well established that the highest occupied molecular orbital (HOMO) of the polymer and lowest unoccupied molecular orbital (LUMO) levels of the fullerene derivative determine the open circuit voltage (V oc ). 21 The short circuit current density (J sc ) is principally limited by the number of absorbed photons and, hence, by the optical band gaps of both donor and acceptor. As a consequence of the principal trade-off between V oc and J sc , optimization of the PCE is not trivial.
Conjugated polymers that incorporate diketopyrrolopyrrole units (DPP) are attracting interest for application in ambipolar field effect transistors and organic solar cells in recent years. 22−24 Because of their property to self-organize, DPPbased polymers feature high charge carrier mobilities. Furthermore, the electron-deficient nature of the DPP unit provides the possibility to control the optical band gap into the near-IR region of the spectrum via copolymerization with electron-rich aromatic heterocycles or conjugated oligomers with electron-donating properties. Currently the best DPPbased polymer solar cells give a PCE of 6.5% when combined with [6, 6] phenyl-C 71 -butyric acid methyl ester ([70]PCBM) as acceptor. 19 However, in all DPP-based polymers published to date, the J sc is less than expected, due to a limited quantum efficiency for converting incident photons to electrons. The highest external quantum efficiencies (EQEs) for DPP-based solar cells are ∼50%, 25 but often significantly less. The limited EQE may originate from a low absorption coefficient or from a low internal quantum efficiency (IQE), i.e., a poor conversion of absorbed photons in the collected charges. Presently the factors that influence the magnitude of the IQE are not fully understood. 26 For PDPPTPT (Figure 1 ) we identified that recombination of photogenerated charges into the triplet state of the polymer occurs in blends with [70]PCBM and limits the EQE. 27 The triplet formation is a consequence of the poor tendency for spatial separation of photogenerated charges which causes geminate recombination into a triplet state. In PDPPTPT:[70]PCBM layers, charge generation is less a problem than charge separation. For small band gap polymers, especially for those with optical absorption extending to 900 nm and beyond, as required for tandem solar cells, the energy offset between the LUMO levels of the polymer and fullerene is reduced, which likely contributes to the decreased photocurrent. 28−31 Considering the LUMO offset, it has been argued that the efficiency of charge separation is controlled by the free energy for charge generation, 32−34 and there is little doubt that the electron and hole formed in the photoinduced chargetransfer reaction use some of their initial excess energy (with respect to a fully relaxed charge-transfer state) to overcome their Coulomb binding energy in separating from the donor− acceptor interface. An important question, however, is how large the required excess energy really is. This has been a subject of several recent studies, from which a consistent picture is still difficult to discern. 35−38 In this work we focus on designing and synthesizing new DPP-based conjugated polymers with energy levels that enable significantly higher EQEs and attempt to understand the effect of the free energy for charge generation on current density and quantum efficiency. The new DPP-polymers consist of a common bis(dithiophene)-DPP unit alternating with a variety of different aromatic units. Compared to most existing DPPpolymers, the new materials feature an extended π-conjugated electron-rich segment. This increases the HOMO and LUMO levels in the polymer because of the larger content of electronrich aromatic units and the less and more isolated electrondeficient units. By virtue of this shift, the free energy for charge generation will increase albeit at the cost of a lower V oc . We demonstrate that this strategy is a viable method to increase the quantum efficiency for charge generation and provides significantly higher photocurrent densities up to 16 mA cm −2 and power conversion efficiencies approaching 6%. We analyze the internal and external quantum efficiencies of the new materials as function of the free energy for charge generation and compare them with those reported for other DPP polymers to identify the origin of intrinsic limitation in solar energy conversion in these materials.
RESULTS AND DISCUSSION
2.1. Synthesis. The synthesis of the monomers and polymers is shown in Scheme 1. The key DPP monomer 3 was synthesized by Suzuki reaction of 3,6-bis(5-bromo-2-thienyl)-2,5-dihydro-2,5-di(2′-hexyldecyl)-pyrrolo[3,4c]-pyrrolo-1,4-dione (1) with 2-(4-dodecylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to yield 2 and subsequent bromination with NBS in an overall yield of 76.5%. The dodecyl side chains are introduced to improve the solubility and to tailor the energy level in this monomer. The conjugated polymers shown in Scheme 1 have been prepared using Suzuki and Stille polymerization. Particular attention was given to optimize the reaction conditions to achieve high molecular weight because this is one of key factors controlling the device performance. As an example, PDPP4TP synthesized in a Suzuki reaction of 3 with 1,4-bis(4,4,5,5-tetramethyl-1,3-dioxaboralane)benzene affords a high molecular weight of M n = 32.4 kg mol −1 when using Pd 2 (dba) 3 as a catalyst with [(tBu) 3 PH]BF 4 as ligand in THF/H 2 O/K 3 PO 4 . Under these conditions, the reactivity is high and the molecular weight is greatly improved compared to the traditional Pd 2 (dba) 3 /PPh 3 catalyst/ligand system in toluene/H 2 O/K 3 PO 4 which provides a much lower molecular weight of M n = 6.5 kg mol . The same polymerization method was used for PDPP4TN, which incorporates a naphthalene unit, to afford a molecular weight of M n = 12.1 kg mol −1 . PDPP4TBDT, PDPP5T, and PDPP6T were readily obtained by Stille polymerization in toluene/DMF in high yields and molecular weights (Scheme 1 and Table 1 ; the GPC data are provided in the Supporting Information, Figure S1 ). For PDPP4TTT the molecular weight of the isolated fraction was somewhat less because the high molecular weight fraction is insoluble in chloroform. After optimization of the reaction conditions, the DPP polymers were obtained in similarly high molecular weights (Table 1) . This is advantageous for achieving high photovoltaic performance and convenient for direct comparison of the polymers. 2.2. Optical and Electrochemical Properties. The strong electron-withdrawing character of the DPP unit efficiently shifts the electronic absorption of the DPP polymers to the near-IR region. The DPP polymers exhibit relatively broad spectra with absorption onsets ranging from 740 to 820 nm in chloroform solution, as shown in Figure 2a and Table 1 . The absorption of the polymers that incorporate naphthalene and phenylene as comonomer is blue-shifted compared to those that have a thiophene-based comonomer. This is a result of the combination of a less electron-donating character and of steric hindrance for planarization which reduces the conjugation along the polymer chain. In the solid-state films, the electronic absorption shifts bathochromically as a result of aggregation. The onsets of absorption now range from 770 to 850 nm ( Figure 2 and Table 1 ). The new PDPP4TP and PDPP5T polymers that have two additional dodecylthiophene units show the expected blue shift of the electronic absorption with respect to the previously reported polymers PDPPTPT and PDPP3T. Figure 2 and Table 1 show that PDPP5T has the most pronounced red shift in the solid state versus solution compared to the other polymers, resulting in the lowest optical band gap of 1.46 eV in films. The aggregation phenomenon is supported by the pronounced shoulder peak at high wavelength in films.
Cyclic voltammetry (Supporting Information, Figure S2 ) was performed for DPP polymers dissolved in o-DCB, and the results are summarized at Table 2 . As expected the extended π-conjugated electron-rich segment of the new DPP polymers decreases the redox potentials (i.e., higher HOMO and LUMO levels) compared to those with a shorter repeating unit (Table  2) because of a higher number of electron-rich aromatic units and less and more isolated electron-deficient units. The electrochemical band gap was determined as the difference between the onsets of the oxidation and reduction waves (E g CV = e(E ox − E red )). E g CV follows the same trend as E g sol (Table 2 ) but is larger by 0.05−0.25 eV. The reduction potential E red of the new DPP polymers is more negative than those of PDPPTPT and PDPP3T. As a consequence, the offset α between the LUMO levels of the new DPP polymers and [70]PCBM is 0.58−0.65 V and significantly higher than that the corresponding offsets for PDPPTPT (0.50 V) and PDPP3T (0.42 V) (Table 2) . Empirically, it has been found that a LUMO offset α between polymer and fullerene should be at least 0.3 V for the efficient exciton dissociation into charge carriers 39 and that higher offsets enhance the driving force for charge generation and improve photocurrent in bulk heterojunction photovoltaic devices. 40 The oxidation potentials E ox of the new polymers are lower than that of PDPPTPT and PDPP3T, and this increase in HOMO level energy is expected to result in a concomitant loss in V oc when the polymers are combined with a common fullerene acceptor.
2.3. Charge Carrier Mobility. The charge carrier mobility of the conjugated polymers is important for their performance photovoltaic cells. A high mobility facilitates charge separation from the donor−acceptor interface and charge transport to the electrodes and reduces recombination. The mobility of the polymers was determined in a field-effect transistor (FET) configuration. The FETs were fabricated in a bottom gate − bottom contact configuration. The silicon dioxide gate dielectric used was passivated with hexamethyldisilazane (HMDS), and gold source and drain electrodes were defined using conventional photolithography. The polymers were applied via spin coating from and is similar to those of PDPPTPT and PDPP3T, 24,27 except for PDPP4TN and PDPP4TBDT where μ h ≈ 10 −3 cm 2 V −1 s −1 (Table 3) . The electron mobility, μ e , of the new DPP polymers is consistently 1 order of magnitude lower than μ h (Table 3) . Such a strong difference between μ h and μ e was not found for PDPP3T and PDPPTPT (Table 3) . 24, 27 The difference likely originates from the higher LUMO levels of the new DPP polymers. A higher LUMO level is unfavorable for electron transport in FETs because it reduces electron injection from the gold electrodes and enhances the probability for electron trapping at the SiO 2 surface.
2.4. Photovoltaic Properties. Photovoltaic cells were made by sandwiching blends of the DPP polymers as electron donor with [70]PCBM as electron acceptor between an ITO/ PEDOT:PSS front electrode and a LiF/Al back electrode. The Table 2 . Electrochemical Properties and LUMO Offset of the DPP Polymers active layers were applied by spin coating, and the deposition was optimized for the blend ratio, the layer thickness, and the processing additive (or cosolvent). All DPP polymers gave the best photovoltaic performance when blended with [70]PCBM in a 1:2 ratio by weight with [70]PCBM and an active layer thickness around 90 nm. However, the optimal processing additive used in combination with CHCl 3 as spin coating solvent is quite different for the different DPP polymers (Table  4 ). The current density−voltage (J−V) characteristics of the optimized cells in the dark and under illumination are shown in Figure 4a and corresponding performance parameters are collected in Table 4 and compared with those of PDPPTPT and PDPP3T. As expected the new DPP polymers give lower V oc than that of PDPPTPT or PDPP3T due to their lower oxidation potential, but their current density is consistently enhanced, with the highest current density of 16.4 mA cm −2 reached for PDPP5T. The optimized photoactive layers exhibit a rather smooth surface with an rms roughness of 1.2−2.6 nm, indicating a well-mixed morphology that enhances exciton dissociation and charge generation (see Supporting Information, Figure S3 ). The increased current density obtained for the new DPP polymers is also reflected in an improved EQE, as shown in Figure 4b . While the EQE of PDPPTPT and PDPP3T maximize at ∼0.39 and ∼0. 34, 24, 27 the maximum EQE for the new DPP polymers increases to around 0.6 in the region where the polymer absorbs and is the highest at 0.65 for PDPP5T. It is important to note that also in the spectral range of 400−550 nm, where there is a strong contribution from [70]PCBM to the absorption of light, the EQE remains high. The new DPP polymers generally afford a high fill factor (FF) in blends with [70]PCBM, taking advantage of the high hole mobility. As a result of the combined effects, the new DPP polymers afford a PCE in the range of 4.5−5.8%. Among these polymers, PDPP5T that has a quinquethiophene donor unit alternating with DPP gave the best PCE of 5.8%.
Internal Quantum Efficiency and Photon Energy
Loss. To better understand the origin of the increased current density in the DPP polymers, we determined the IQE for these devices. To this end, we first determine the wavelengthdependent refractive index n(λ) and extinction coefficient k(λ) of the photoactive layers (see Supporting Information, Figure  S4 ). We use this data to calculate the fraction of photons absorbed in the photoactive layer via optical modeling using a transfer matrix formalism, which involves the complex refractive index and thickness of all materials in the device as input. Figure 5a reveals that the calculated fraction of photons absorbed from the incident light is about 80% for all DPPpolymer: [70] PCBM films at the optimized layer thickness (in the range of 90−110 nm). The shape of the curves is similar to the EQE shown in Figure 4b . Mutual deviations are small for the DPP-polymers that have the same optical band gap. The only significant deviation is observed for the PDPP4TBDT:
[70]PCBM blend, which absorbs about 10% less photons in the entire spectral range. This difference possibly originates from the two thiophene units on the BDT unit, which gives a low contribution to the absorption in the near-IR region but do of course contribute to the thickness. 24, 27 The shapes of the IQE curves are rather flat, although they tend to roll off at the highest wavelengths. The IQEs of the new DPP-polymers with [70]PCBM are higher than those of PDPPTPT and PDPP3T, except for PDPP4TN which has a significantly lower molecular weight leading to less effective optimized morphology. 16, 24 The lower IQE of PDPPTPT and PDPP3T compared to new DPP-polymers coincides with the smaller offset α between the LUMO level of the polymer and the LUMO of [70]PCBM (Table 4) .
It is important to note that the molecular weight of the donor polymers can have a substantial effect on the performance of polymer solar cells. 16, 24, 42 For PDPP4TP we confirm this dependence in the Supporting Information ( Figure S5 , Table  S1 ). This complicates establishing structure−property relationships. We note, however, that for most polymers in this study M n exceeds 30 kg mol −1 (Table 1) , where the effects of molecular weight on performance generally seem to saturate. 16, 24, 42 Another way to analyze the IQE and EQE for the different DPP-polymers is by comparing them to the total photon energy loss in the device. The total photon energy loss can be defined as E g − eV oc , where E g is the optical band gap of the blend. In Figure 6a we compare the solar spectrum (AM1.5G) spectrally integrated IQE versus E g − eV oc for the different photoactive layers. The AM1.5G spectrally integrated IQE is obtained by taking the ratio of the EQE integrated over the solar spectrum (representing J sc ) with the total number of photons absorbed obtained from integrating the fraction of absorbed photons over the solar spectrum. The photon energy loss can be considered as the loss in free energy in converting band edge photons at to collectable charge carriers at open circuit. Of course E g − eV oc is related to the offset between the LUMO levels α (provided that it less than the offset between the HOMO levels), but it has the important advantage that it can be determined more accurately and from the actual device. It has previously been argued that E g − eV oc ≥ 0.6 V for organic solar cells. 33 Figure 6a shows that the new DPP-polymers provide higher integrated IQEs than PDPPTPT and PDPP3T 24, 27 but at the cost of a larger photon energy loss. The highest values are over 70% for PDPP4TBTD and PDPP5T. This suggests that an increased photon energy loss results in a higher quantum yield. For some of the new materials, Figure 6a shows in fact an opposite trend. We stress, however, that likely many more materials can be found with a low IQE, irrespective of the E g − eV oc value, because of other important factors, such as suboptimal morphology (often found for lower molecular weights), and low charge carrier mobility can also limit the IQE. The significant result in Figure 6a is that there are no data points in the upper left corner. Of course it can be argued that the PDPPTPT and PDPP3T, described by us previously, form only a small, and hence possibly unrepresentative, subset of materials. Therefore we compare in Figure 6b for some of the most efficient DPPpolymers published to date, the maximum in the EQE to the photon energy loss. The maximum in the EQE is a less relevant parameter than the spectrally integrated IQE, but the latter values have not been reported. Figure 6b confirms the trend observed in Figure 6a in the sense that a higher photon energy loss coincides with a higher EQE. In considering Figure 6b we emphasize again that it is not expected that there is a simple relation between IQE and E g − eV oc , because collection of charges involves many more parameters (e.g., charge carrier mobility) than the ones that determine the energy. Nevertheless one could argue that in the best photoactive layers, charge collection is close to optimal. The red dashed line in Figure 6b can be considered as a measure of the best of what has been achieved in terms of compromising EQE and E g − eV oc . The truly optimal material of course would combine a small E g − eV oc with a high EQE. So far no materials that represent a data point in the upper left part of the Figure 6a are known.
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From these results we are inclined to conclude that the increased photon energy loss, defined as E g − eV oc , is an important parameter in enhancing exciton dissociation and charge separation. For the new DPP-polymers developed in this work such correlation is hampered by the small (∼100 meV) difference in E g − eV oc among the materials, which makes that differences in charge carrier mobility, active layer morphology, and also possibly interface issues may obscure the EQE data. But comparing to other materials, such relation seems to be present for these DPP-polymers.
Although our experimental results clearly point to a relation of EQE and IQE with E g − eV oc it should be noted that there is quite some experimental and theoretical evidence which suggests that the loss in free energy is not an decisive factor in charge separation. 35,37,44−46 Compelling experimental evidence for the absence of such relation, at least in the materials studied, is the fact that the IQE has been found to be independent of the excitation wavelength, even when comparing excitation above the optical band gap (hν > E g ) and in the charge-transfer band (E CT < hν < E g ). 44 Likewise the electric field dependence of charge generation has been found to be small for sub gap, i.e., E CT < hν < E g , excitation in selected examples. 36, 38 We note that since E CT ≈ eV oc + 0.5 eV, the energy of E CT remains substantially above eV oc .
CONCLUSIONS
A series of new DPP-polymers with extended electron-rich π-conjugated segments has been synthesized via Suzuki and Stille reactions. The new DPP-polymers feature small optical band gaps, high molecular weight, high charge carrier mobility, and sufficient free energy for charge generation to [70]PCBM as an acceptor. As a consequence, the DPP-polymers afford high current densities and fill factors and hence give power conversion efficiency up to 5.8% in bulk heterojunction solar cells. The external and internal quantum efficiencies for photon to collected electron conversion of 65% and 70%, obtained for photons absorbed by the polymer, are significantly higher than obtained for other DPP-polymers described to date. We demonstrate an empirical relation between the photon energy loss, defined as E g − eV oc , and the maximum photon to collected electron quantum efficiency for DPP-polymers ( Figure 6 ) that presently limits the power conversion efficiency of these solar cells. Future research will focus on understanding the detailed origin of this relation and designing materials that allow approaching the intrinsic limitations more closely.
EXPERIMENTAL SECTION
4.1. Materials and Measurement. All synthetic procedures were performed under argon atmosphere. Commercial chemicals were used as received. Dry solvents were distilled over 4 Å molecular sieves.
[70]PCBM (purity ∼95%) was purchased from Solenne BV. 3,6-Bis(5-bromo-2-thienyl)-2,5-dihydro-2,5-di(2′-hexyldecyl)-pyrrolo-[3,4c]pyrrolo-1,4-dione (1), 23 2-(4-dodecylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 47 2,2′-(2,6-naphthalenediyl)bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4), 48 (7), 50 and 5,5′-bis-(trimethylstannyl)-2,2′-bithiophene (8) 51 were synthesized according to literature procedures.
1 H NMR and 13 C NMR spectra were recorded at 400 and 100 MHz on a VARIAN mercury spectrometer with CDCl 3 as the solvent and tetramethylsilane (TMS) as the internal standard. Molecular weight was determined with GPC at 80°C on a PL-GPC 120 system using a PL-GEL 5u MIXED-C column and o-DCB as the eluent and against polystyrene standards. Electronic spectra were recorded on a PerkinElmer Lambda 900 UV−vis near-IR spectrophotometer. Cyclic voltammetry was conducted with a scan rate of 0.1 V s −1 under an inert atmosphere with 1 M tetrabutylammonium hexafluorophosphate in o-DCB as the electrolyte. The working electrode was a platinum disk, and the counter electrode was a silver electrode. The concentration of the sample in the electrolyte was approximately 1 mM, based on monomers. Fc/Fc + was used as an internal standard. Field-effect transistors were fabricated using heavily doped silicon wafers as the common gate electrode with a 200 nm thermally oxidized SiO 2 layer as the gate dielectric. Using conventional photolithography, gold source and drain electrodes were defined in a bottom contact device configuration with a channel width and length of 2500 and 10 μm, respectively. A 10 nm layer of titanium was used, acting as an adhesion layer for the gold on SiO 2 . The SiO 2 layer was exposed to the vapor of the primer hexamethyldisilazane for 60 min prior to semiconductor deposition in order to passivate the surface of the dielectric. Polymer films were spun from a chloroform solution (4 mg/ mL) at 1500 rpm for 30 s. Freshly prepared devices were annealed in a dynamic vacuum of 10 −5 mbar at 200°C for 24 h to remove traces of the solvent. All electrical measurements were performed in vacuum using an HP 4155C semiconductor parameter analyzer.
Photovoltaic devices were made by spin coating poly-(ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (Clevios P, VP AI 4083) onto precleaned, patterned indium tin oxide (ITO) substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer was deposited by spin coating a chloroform solution containing the polymers and [70]PCBM with 1:2 (w/w) ratio and the appropriate amount of 1,8-diiodooctane (DIO) or o-DCB. LiF (1 nm) and Al (100 nm) were deposited by vacuum evaporation at ∼2 × 10 −7 mbar as the back electrode. The active area of the cells was 0.091 or 0.162 cm 2 , and no size dependence was found between these two dimensions. J−V characteristics were measured under ∼100 mW cm −2 white light from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB 120 daylight filter, using a Keithley 2400 source meter. Short circuit currents under AM1.5G conditions were estimated from the spectral response and convolution with the solar spectrum. The spectral response was measured under simulated 1 sun operation conditions using bias light from a 532 nm solid-state laser (Edmund Optics). Light from a 50 W tungsten halogen lamp (Osram64610) was used as probe light and modulated with a mechanical chopper before passing the monochromator (Oriel, Cornerstone 130) to select the wavelength. The response was recorded as the voltage over a 50 resistance, using a lock-in amplifier (Stanford Research Systems SR 830). A calibrated Si cell was used as reference. The device was kept behind a quartz window in a nitrogen-filled container. The thickness of the active layers in the photovoltaic devices was measured on a Veeco Dektak 150 profilometer.
The spectrally IQE was determined by optical modeling of the entire layer stack using the wavelength dependent refractive index (n) and extinction coefficient (k). 52 Calculations of the optical electric field were performed with Setfos 3 (Fluxim AG, Switzerland). The averaged IQE was determined by convolution of the solar spectrum with the EQE of the solar cell and the absorbed photon flux. 5 mL) , toluene (15 mL), Aliquat 336 (0.5 mL), tetrakis(triphenylphosphine)-palladium(0) (58 mg, 0.05 mmol) were added. The mixture was stirred at 115°C for 24 h. The resulting mixture was cooled to room temperature after which it was poured out in chloroform, washed by water and brine, and dried by evaporation. The crude product was dissolved into small amount of chloroform and precipitated into methanol to afford 2 (yield 1.062 g) which was directly used for next step. To a solution of 2 (1.062 g, 0.85 mmol) in chloroform (30 mL) at 0°C, N-bromosuccinimide (303 mg, 1.70 mmol) was added in portions in 20 min, and the reaction mixture was stirred in another 30 min at 0°C. After this the mixture was poured out in chloroform, washed with water and brine, and evaporated. The resulting solid was subjected to column chromatography (silica, eluent heptane/CH 2 Cl 2 , 75%/25%) to yield 1.077 g (0.765 mmol, 90%) of a black solid. To a degassed solution of monomer 3 (56.93 mg, 0.040 mmol), 2,2′-(2,6-naphthalenediyl)bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4) (15.37 mg, 0.040 mmol) in H 2 O (0.5 mL) and THF (3 mL) containing 2 M K 3 PO 4 , tris(dibenzylideneacetone)-dipalladium(0) (1.48 mg, 1.6 μmol) and tritert-butylphosphonium tetrafluoroborate (0.94 mg, 3.2 μmol) were added. The mixture was stirred at 80°C for 24 h, after which it was precipitated in methanol. The solids were filtered off, redissolved in chloroform (50 mL), and refluxed with 28% NH 3 solution in water (50 mL) for 1 h. The layers were separated, and the organic layer was stirred with EDTA (100 mg) for 2 h, after which water (100 mL) was added, and the liquids were stirred for 1 h. The layers were separated, and the organic layer was reduced in volume by evaporating most of the chloroform. The polymer was precipitated in acetone and filtered through a Soxhlet thimble. The polymer was extracted with acetone, hexane, and chloroform. The chloroform fraction was evaporated, and the polymer was precipitated in acetone. The polymer was collected by filtering over a 0.45 μm PTFE membrane filter and dried in a vacuum oven to yield PDPP4TN (45.3 mg, 82.4%) as a dark powder. (6) (60.27 mg, 0.071 mmol) in toluene (3 mL) and DMF (0.6 mL), tris(dibenzylideneacetone)-dipalladium(0) (2.6 mg, 2.84 μmol), and triphenylphosphine (1.49 mg, 5.68 μmol) were added. The mixture was stirred at 115°C for 24 h, after which it was precipitated in methanol. The solids were filtered off, redissolved in chloroform (50 mL), and refluxed with 28% NH 3 solution in water (50 mL) for 1 h. The layers were separated, and the organic layer was stirred with EDTA (100 mg) for 2 h, after which water (100 mL) was added, and the liquids were stirred for 1 h. The layers were separated, and the organic layer was reduced in volume by evaporating most of the chloroform. The polymer was precipitated in acetone and filter through a Soxhlet thimble. The polymer was extracted with acetone, hexane, and chloroform. The chloroform fraction was evaporated, and the polymer was precipitated in acetone. The polymer was collected by filtering over a 0.45 μm PTFE membrane filter and dried in a vacuum oven to yield PDPP4TBDT (105 mg, 83.6%) as a dark powder. 
